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\BSTRACT

A fully decoupled nuclear explosion of 10 kT has a magnitede my, of approcimately 3.4, Although a cavity from
2 previos explosion 15 needed 1o fully decouple such an explosion, 3.4 iz & usefol reference magnitude for the
Comprehensive Muclear-Test-Ban Treary. There are live principal difficolties i locating events of this
miagnitude (1o £ 18 km) in Bolivia, First, the distance between the primary seismic station in Boalivia, LEAZ, and
the: auxiliary station, SIV (San Ignacio de Velaseo), 15 approximately 7 and, at this distance, for events of
magmitude 3.4, it 15 easy 1o misidentify Pg as Po. The resulting ceror is approsimately 30 £ and accurafe bocation
is impossible. Secend, the Andean crust beneath LPAZ kas a thickness of approximately 63 km, whereas the
crust beneath STV has a thickness of approximately $0 km. The higher mantle velocity at a depdr of 50 km in the
region of 31V moves lecations of events in Bolivia foward SIV, unless o three- dimensional lecation model iz
used. We have found that lor the sarthguake near Totora mocentral Belivia, 22 May 1998, locations with the
{hree-dimensicnal program (with grid spacings of 10 ke, and then 5 km)) are within o caretully stedizd and
clesed meizoseismal area, Third, even a three-dimensional model of the Andean region in Balivia 5 5o differens
from the reality (and the seismic stations are g0 widely spaced) that the computed residunls (especinlly that of
depth) indicate only that tee location 1z consistent with the model and the observed armival times of the P and 3
phases, At least one 8 phose is required to control approzimately e distance and depth of the hypocanter, bt
the artival time of an 5 ghase s Bolivis 15 vsually ditficult to observe, beeause there is rapid subduction of the
Mazea plate and volcanism m the west, and a décollement by the Brazil Shield in the east, Fourth, because 5 is
difficult to observe, we do mot have much information sbout 3 velocities and we use in our thres-dimeasional
miclels a constant B to S velocity ratio {.76) for the whole region at all depths; we are cormecting this. Finally,
international hypocentral deferminations in Bolivia have a bias toward the northwest, presumably because the
wave pihs 1o contral American and North American seismic stations pass oace or twice through the higher
velocity regions of the Mazea and Cocos subducting plates.
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The objectives of this stiedy were: i) 1o compare the location of seismic events i the region of Bolivia by
borizentally layered models, by three-dimensional medels and by international agencies; ii) to check the
sensitivity of the primiry seismic station in Bolivia (PS (8, LPAZ) of the International Menitoring System
[IMS] of the Comprehensive Muclear-Test-Ban Treaty (CTBT) in distance, depth and azimuth with respect to
the magnitades my, given by the Prototype International Data Centre (P10C),

TABLE [, SEISMIC STATIONS OF BOLIVIA OPERATED BY OBSERVATORIO SAM CALINTD

NAME | CODE | DATE | LATITUDE LOMGITUDE | ALTITUDE | COMPONENT
, 5 W m
La Faz, LPAZ [1903. | 16717 166" GEMT 0.4 4740 BE-Z-MN5-EW,
Blillum (16" 2579) (BE". 1307} EP-Z
Zongn BA | 1972-.... | 1616000 BRI 205" 4397 P Z-NE. W
. (16",2694) (68.1240)
Banderuni | BOB 1975 | 16%08739.67 GET SEAT 3060 EP-
(1671443} (68",1329)
Glania BOL 1986 | l6ER 146" BETRS 52" 4730 G0-7,
(16%,6374) {65°.5981) _
Chanca | BOE | 198%-.., | 1648ds.7" G755 0" 4378 R
i (168127} (679821}
Collzm BOF [0 | 1557144 BRI T GET EETTY] BE-Z
(16*.9540) (6533800
San Iznacio | a1V 1960 -, | 15°59°28.7" G104 189" 520 P NS EW |
de Valison (159913} (B1°0722)
Mochard | MOCE [ 1993- . | 2IF15'DL5" GATE TG AT 1350 BP-Z-MS-EW
(21%.2504) (65°.6380)
Warizata | BOG | 199G.,... | 15556 57,07 A e R GP-7
(15°.2494) (6E.5453)
Bombeo | BED | 1998- 175027 RETT T T3] SF 7 NSEW
| (17",6575) (66%4575)
Apacheta | APL | 190R-... 17521 32" BERL I 3676 |SP-ZNSEW
{(17°.3589 ) (6602500 ,
Cr. lchu IEK 1o0E-... FE RS GEE1G 3L AG1Z | SP-Z-NG-EW
Kol (17*.2506) {BE%3254) = I
Col. Juan| 005 1722 a0" G671 A4 H49a CENTEAL
XXM . (173750 (66T1928) | |STATION

RESEARCH ACCOMPLISHED

A Tully decopled meclear explosion of 10 kilotons (5T) has a magnitede my, of approxamsacely 3.4, Nuclear
explosions of yiclds of a few kT with large decoupling factors are fensible only in cavities in salt domes formed
by previous auclear explosions, and no coentry is known to have evacnated the brine from a very large cavily
tormed by solution mining and then conducted a decougled nuclear explosion it it {Svkes, 1996), Howsver, 2.4
ia & wseful reference magnitude for monitoring the CTRT. A peossible on-site inspection arca of 1000 km?
corresponds to an epicenter lecation accurzey of approxismately plus or minus 18 km,

Thers are five principal difficultics in locating seismic events of (his magnitude with his accurmcy in Bolivia,
The first difficulty 15 that the distance betwesn the primary seismic station of the IMS m Bolivia (LEFAZ) and the
auxiliary scizmic station, San Tenacio de Velasoo (AS 08, 31V, is appresimately 77 (Table 1; Figure 1), and, at

thi% clistamee, for spismic events of magnitude 3.4, it is casy to misidentify P as Po. The resulting emos i
approximately 30 5 and location o plus or minus 18 km is impossible,

405



21st Seismic Research Symposium

72" T -6 " B4 62" -6l 5w
= | & BOLMAN SEISMIC NERWCIK
10 - 7 s E S S PRIMATEY SEISMIC STATION PS 04 A0
o - A IMS AUXIARY SEISMIC STATCN A5 08
= + - Cobja o R O PAS INFRoasSOUND STACN 15 05
'\.\. -.I' |II - —_— —_—
| 9 .
127 T o | TT
'\}I_r_- H"; *«.L_ . S ‘IIPA Z 12
| If o Ly IIF é
A G
:. l: - '-F‘..-H\"\._.
-14" P E R U w ::* = ] 147
- (i f i
£L i1 aTrinigtad |
s k 4 e ““E\
oy |
-ﬁ* l::"'-; L) ER.. = s = i | 2
ey | L : =+ ;‘-,“5' L \"-._\_\_ .-'I- ; — =16
e o5y =lapPaz ;
e T . b,
i ™ J e 1 "4* -'\
i P e Y
st N R = e T e ol
vArea | 4. RN
Ii I"\_H\ N} !.'.-l_“:'SL-lv.".-l'E' 1M _.'.'
|| {I". — .-"'-f M‘k 1 " EL"'\-\. §
S fp—a ey ] al ; 1> 20°
W i 1 y ¥
& ATy £ } : o 3
| g | ke { E L 5
e ; " Fre ! ;
g L __" G < <Tanja _ ;
22 e+ Sraii [ =N i G ) 22
= 1/ N PARAGUA
i I“_"::'- ¥ H’\.
{ ARGENTINA ™
24t K . = 1 L = - : e a4
T2 =T -R" -Gh° ity 53" -al" -58"

Figure L. Sctsmie stations and the proposed nlreseand station in Bolivia epemted by Observidorio San Calixto.

The seismic stations and the proposed infrasound station in Bolivia operated by Observatorio San Calie (O50)
are ahulated in Table 1 and shoan in Figure 1. We plan to move the short period vertical component of the
historically important station Zongo to Warizata { 13°04040 5, 65° 5453 W, 4970 m above sea level), north of
the planned infrasound acray (15 08) sear Peitas (Figure 1), and the two short penod honzontal componenis fo
fochact, The thres stations constituting the seismic net around Cochabamba, tabuladed in Table | (Crr. stands
for Cerro and Col. far Colegie) and shown in Figuere 1, are ot present being ealibrated. 1t is clear from Figure 1
thint thene are still big spaces between Cochabamba and the seismic stations STV 10 the cast and Mochard 1o ke
soutly, to say notheng of the space further east and southeast, Location of seismic events of magnitude 3.4 with
an accuracy of plus ar minug LE km in tis region will be challenging,

Figure 2 shows part of the crustal section of Schaitz (1993 Romanvok o al, 1999) ar 217 5. The seistmic
station Mochari is a few kilometres north of Tupiza (21745 8, 6572 W), Distances of the section (km) are
measured borizontally from 13 ke west of the Chile Tranch and vestically fram sea level, Cunoesly, the most
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intereating figuere, the maximum thickness of the Andean crust, 75 km, is uncertain, because Wisper and his
coworkers (1994) failed w get a clear Moho reflection east of Ollagie (21°.23 5, 83%.27 W; 265 km W of
Tuptza; Figure 2,

', | 3050kmis [ s9Bamms

B 55 7akas
S s-55kws B <56 kms [ RECEILT

Frgure 2, Part of a crustal section (E-W) at approximately 2175 (Schmite, 1993 Wigger ot al, 1994; Romanyuk
et al, 15997 distances of the sectiom ore measured horizondally frome (2 km owest of the Chile Trench and
verticatly from sea level,

Dhwarkath and her coworkers ( 1993) cstimated a masimm thickness of the Andean crust in the region of Lo Paz
b b G0 ko below the Altiplann {cf, Figuee 1; 1774 8, 68"4 W), However, these workers note that ohserved P
arrival time residuals from telescizms are aceounted for by depth variations of the sedimentary fill and by
variations of the Mol depth; there are basically two unknowns, velocity and depth, and it is difficul? to fx the
depih of the Moho without detailed knowledge of te vebocities in the layers shove it, Dorhath and Graner
(1995 retuwrned to the peoblam and Foend 2 depth to the Moho under theAltiplane of 66 km; they used the same
seismic profile as in 1993, but, in 1996, sources in the Mazea plate subduction zone,

Back and ber coworkers (1994; 1906) wsed, by receiver fanetion analyas (Armmon et al,, 19900, the P o 3
conversion at the boho {Ps) and a P that reflects from the fres surface and converts to an 3 wave at the Maho
beneath the station {FpPms) to determine the P to 3 velocity atio (V70,0 These workers Tound miximnm
thicknesses of W0-T4 kmunder the Corchilars Oocidental and Cordillera Oriental; these thicknesaes thin to 32-
33 ko, 200 km east of the Andes in the Chaco Plaing the central Altiplano at 207 & has crustal thicknesses of 60
to 65 ki, The coust also appears o thicken from north (16° 5, 55-60 km) to south (20 5, 70-74 km) along e
Cordillera Oriental. However, Beok and her coworkers mote that there is 2 tradealT between average crusial
velocities [V, and V) and crustal thickness, the same probiem encoontersd by Dorbath and her coworkers.

Zandt and his coworkors {1996) used, also h:.- receiver fumslien :_l.11;:|,:,',5.iz:F an upgoing SV wave that converts to a
P wive at the free surface and becomes trapped in the cast owing to its reflection at the Moho beyond its
critical angle {sPml; Langston, 19940); this whale fumly of B waves con easily be mistaken for S and, at longer
period, constiites ¢ leaky mosde (5 leaks back into the mantle), similar to the PL phase (Aki and Richards,
1980, p. 4600, Zandt and hiz coworkers (1998 Fowsd in the Altiplano 2 low mean P owave velocily of 6.0 km's,
a low Posson™s matio of .25 and o crustal thickness of 5 km. Again, Zandt and his coworkers encounter the
tradendt problem mentioned above.

Mvers and his coworkers (1998) developed a three-dirmensional, lithasphere-seale mode] aeross the Bolivian
Andes at approximately 207 8, hased on tomegraphic images of velocity and attenuation for both P ond 8 waves.
Oiservations of travel time and attemeation for the study of these werkess were from regional earthguakas i the
mantle and the subducted Nazca plate. The shallow mantic under the Altiplano from approximately 18° 5 to
approximately 21° 3 has high velocity (approxinsately ¥, = §.3 ks, ¥, = 4.7 ki) and moderately high €
(approximately O, = 300, Q, = 200}, which suggests lithospheric mantle, High velocity material under the
Altiplano extends te a depth of approximataly 125-150 km, The shallow mantle of the Cordillern Occidental 15
characterized by high VY, {approximately 153}, which suggests a correlation between V"V, and arc
voleanizm. Seismis velocities under the Cordillern Oeeidental are, on average, only shighily reduced from global
averages, but velocity and artenuation anomalics are locally strong {apgroximately V', =7.8 ki's, ¥, = 4.3 kinfs,
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Finally, Chrnistowski and his cowerkers {1999), again by recciver function analysis, have found, at a degth of
approcimately 19 km, o very low velocity laver of thiskness approximately 0.8 km, with P velocity of
Approsimately 3.5 kms and 5 velocity of approximately 043 kovs. These velocities correspond to a Poisson's
ratio of 0.4916. Thus, this layer almose certainly represents a large sill-like magrma body. Tt has an area of
approcimately S0,000 ke, west for approcimately 150 km from an appeoximataly north-nonharest line joining
the points (207 5, 687 W) and (23° &, 67° W), Ollayite (21722 8, 68™.27 W; 265 b west of Tupdzs; Figure 1), is
nezar fhe conter of this region, I represents an additional complexity in the cresial stoocture shown in Figure 2
(Schrmite, 1992; Wipper et al_, 1904; Romanyal ef al,, 1999,

TABLE Z. CRUSTAL MODEL FORE MOCHARA

Layer Compress, Shear Dicisity Powsson s Cualicy
thizkness veloesity velogty ratio factor

km ks kmizs olem’

410 5,50 ENE 2.620 0.2474 230 ]

24.30 6.15 T 2724 02506 350

9ED T 431 2.008 0,250 LR

14.90 6,15 | 3355 2.734 0.2506 330

1080 1.30 421 2.508 0.2506 450

6300 E05 448 3.360 02763 &)

Takle 2 presents a crustal madel, bazed on these observations, for the region of the seismic station Machara, in
the Cordillers Oriental. The layer thickness shown for the halfgpace below (e Moho iz the al thickness of
the crust of the madel (8390 km, 38,90 km below sea level; of. the region of Tugiza in Figure 20, The region of
the: primary szismic station of the IMS of the CTET, LPAZ, alse in the Condillarn Oriental, though further noh,
can be expected 10 be over 3 crustal thickness of approximately 63 km. The seismic station Glaria {Table 1,
Figure 1), near the western edge of the Altiglana, can be expected to be over 2 greater thickness of crust, Yalues
of Poisson’s ratio and of 0 are faken froan the TASPEL (1991) model and from the Freliminary Reference Earl
Moide] {Dziewonski and Anderson, [951) and valoes of density are conssient with the Mafie-Drake curve (Grant
and West, 1965, . 200

TABLE }. CRUSTAL MODEL FOR REGION OF COCHABAMBA

Layer Compress. Shear Drensity Paigson’s e Chualiy
thickness vielpeiry welocily matio facter
| km kmi's | km's gfem’
13,10 5,50 | N i 2620 [ 0.2474 250
14,10 B.15 3,35 2724 0.2306 350
5T ; 5.50 319 2.620 0.2474 250
14.70 8,15 3,55 2724 0.2506 350
RED 7.30 211 2.908 02506 | 430
56.20) E.05 448 3.260 02763 | &0

Simnilardy, Table 3 presents a crustal model for dee seismae statiens mthe region of Cochabamba and Takle 4
presents a cnestal madel Tor the region of the auxiliary seismic station of the IMS of the CTBT, SIV. Obviously,
il horizontally layered models with seismic stations ever these different types of enest are wsed 1o locale
carihguakes in the region of Belivia, the higher veloctties i the mantle of depths of 45-60 km in the region of
S will bizs the Jocation of the events tooard 51V,

Takle 5 and Figure 3 show, for the sarthquake near Totora in ceniral Bolivia, 22 May 1998, (e location by the
PIDC, the location according to the Prelirmmary Determumation of Epicenters (PFLE), the location according to
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the methad of te Harvard central moment tensar (HVI), and locotions by Observatorio San Calixto, These
latter locations included: i) carefully observed and closed isoscismals, with a depth found by the formula of
Fiwesligotly (Fapazachos and Papaioannon, 1997; Drtke and Wega; 1998; Drake et al., 19997; i) routine
location, mainly with the use of French seismic stations in Bolivia and with a madel of one horizontal layer over
a half-space (Tahls 6); iii) ocation with & model of four horizontal lavers and the progeam HYPOCENTER

i Table 7: Liencrt etal., I986); iv) location by the three-dimensional program 3DGRIDLOC with a grid spacing
of 10 km (Ayala, 19497, Avala and Drake, 1997; 1998; Padvin and Lecomte, 1991 Tazantola and Valette, 1982;
Vidale, 1988; 1990; Witlinger et al., 1993) ; v) location by the three-dimensional program 3DGRIDLOC with a
grid spacing of 5 km,

TABLE 4. CRUSTAL MODEL FOR SAN IGNACIO DE VELASCD

Laver Compress, "~ Shear Drensiy Foisson's Cuality
thickness velocity velacity ) ratio facton

km kmi's ks glem’

$.73 .00 232 2380 (L2 &0

5.26 550 3.9 2620 (24 7 430

1534 a1% 355 2724 02506 1zn

967 730 471 7008 0.2506 430

40,00 305 445 1340 | 02763 GO0 |

TABLE 3. LOCATIONS OF AN EARTHOQUAEE BY THE FROTOTYPE INTERNATIONAL
DATA CENTER, ACCORDING TO THE PRELIMINARY DETERMINATION OF EPICENTERS,
ACCOREIMNG TO THE HARYARD CENTRAL MOMENT TEMNSOR METHOD AND BY
OBSERVATORIO SAN CALIXTO

Bource Time Latinade Longude Depth

h om 2 e W ki

FIDC 04 a8 a8,2 17.54 6514 34
PL:E 04 48 504 17.731 65451 2
Harvard CAT 0t 49 029 17,600 65070 15
IDGRIDLOC | 04 48 a6.2 1710 65100 ]
IDGRIDLOC, Skm 04 a8 a5.2 17,930 635,130 [
0S¢, Frengh | 04 48 498 17,563 63050 ]
050, Lienart 04 48 3.6 17,504 53,057 13
| Fs_&_@_gismn]s L7830 f.i}ﬁﬁ-;]fl{l | 11

TABLE 8. LAYER OVER HALF-5PACE MODEL FOR CENTRAL BOLIVIA

| Layer thickness Conprezs. veloaly ~ Shear velocity Foizson's
km kmv's km's ralio
650 5.2 3580 025
i 3] 4619 025

TABLE 7. FOUER LAYEER MODEL FOR CENTEAL BOLIVIA

Layer thickness Compress, velocity Bhear velocity Foizson's
krm kin's km's ratio
100 5.0 35080 ) 0.2694
150 6.0 33T .2694
350 6.6 170 02698
200 B0 4.4944 01,2694

The locabons the by the PIDC and according to the method of the Harvard central moment tensor (HYDY) appear
to be approximately 35 km too far nocth, ad the tocation accarding 1o the PDE appears to be about 30 km too
far northwest, As expected, the locations with the hortzontally layered models are pulled toward 51V, The
lcations by the threg-dimensional progrom ADGRIDLOC are within the meizoseismal areq.
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Figure 3, Isoseismals for the earthquakes of 22 May 1998 near Totora in central Bolivia, topether with locations
by the PIDC, by the PDE, by the Harvard centeal moment tensor method (HVYDY and by Observatorie San
Calisio.

The third principal dilficulty with the accurate location of carthquakes in Bolivia is that even a three-
dimensional model of e region is so different foam the actual strecture of the earth beneath the Bolivion Andes
aml the seismic stations are so widely spaced that the computed residuals {especially that of depth) indicate anly
that the tocation is consistent with the madel and the observed amval tmes of the P and 5 phases, At least one 3
phase 15 required fo control approximately the distance of the hypocenter from the scismic stations (especially
itz depth). However, the arvival time of an S phase in Bolivia 15 useally difficolt to observe, bacause there 15
rapicl subduction of the Nazsea plate and volcanism in the west {Gordon, 1995; Norabuena et al., 1998 Kendrick
etal, 1999), and o dfcollement by the Brazil Shicld in the cast (Sempere ef al., 1988; Gubbels e al,, 1993
Jacobshagen et al, 1995; Lamb and Hoke, 1997; Lamb et al., 1%97), The S phase from the approximately nosth-
south bands of deep carthquakes in Pene-Brazil (675 5, 7158 W 11°.5 8, T0°8 W) and in Bolivia- Argentin
(1990 8, 63°5 W to 285 5, 63°.0 W), and alse from the region of Totora (17560 8, 65°.15 W) in Bolivia, is
comparatively clear. However, 3 foam southem Peru (g, Arequipa, 16540 3, 71755 W) and Chile is likely to
be confused with the more conspicuous By, Also, in the region of Bolivia, PpPms (Beck et al,, 1996), sFmP
{Zandt ot al., 1996) or a trapped low velocity phase (Chimielowski et al, 1999 can be mistaken for 5.

The fourth principal diffteulty with te accurate location of carthquakes in Bolivia is that, because 5 s difficelt
1 ohserve, we do not kave much information about 5 velocities, Our three-dimensional models of the rerion
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used in the programs SDGRIDTLCC use a constant V'V, mtio of 1.76 for the whole region at 2l depths, which
i ol realishe, We are correcting this.

Fially, the fifih principal difficulty with the accurate location of earthguakes in Bolivia is that international
hypocentral detesminations in Bolivia have a bias toward the northwest. This occurs possibly beciuse the wave
paths to central American and Morth American seismic stifinns pass noce of todce through the higher velacity
regions of the Mazea and Coeos subducting plates, Under contral America ata depth of 150 km thers appears to
b a low B velocity region, but at a depth of 530 km the 5 veloity 15 more normal (Deiewonski, 1989). Because
errors of location of carthquakes by the PIDC clearly depend on which seismic stations ane used, the practicss of
kriging (interpolation of location corrections selative to reference “groumd truth™ events; Schultz ot al., 1998)
and of plodting erver vectors of arteys or stations relative to supposed “cormect” locations of the FIDC (Koch and
Fordol fer, 19949 are no substitute for close azimuthal cover in the aceurate location of carthauakes (Licnert ot
al., 1986).

130 140 150 160
4.5 .

40

20 <
25
20 |
10
“ Distancey ¥ i
—a— AL =June 1959
—a— ailh and wison (19

—&— Haouard et al, {1993§

Figure 4. ) for the [MS primary scismic station LPAZT from 130° fo 160° for May and June 1999 cormpared

witls O for PEPy and FEP. (Houard et al,, 1993) and wath G for P from 107 f0 907 (Veith and Clawson,
1972).

The prompiness of the PIDC preliminacy locations has now enabled sclsmalogists w olain lecations of
caribguakes before they see seismograms, Figure 4 shows the sensitivity (approcimate ) of the M3 primary
seismic station LPAZ between distances of 130° and 160° compared with the § values derived for the phases
FER rand PEPR,, for tee made]l 10666 (Gilbert and Deiewansks, 1973 Hovard et al,, 1993) and the O values of
Weith and Clawson {1972} for events between distances of 10° and 40° {at a depth of 15 km). The approximate
LPAZ values aze derived from amplitades observed m May and Juse of 1999, without distingtion of penod,
depth or azimuth; the apparently low ) beteresn disfances of 1307 and 140° appears to be from the phase
FEREP. The apparently sharp decrease in ) shown for the phage PEFy; batween distances of 14278 and 134° 8
15 from the phaze PEP. (Houard et al., 1%93), The IMS seismic station LFAZ appears t0 be more sensitive to
events between distances of 144% and 151° tan o events between distances of 107 and 187,

CONCLUSIONS AND FUTURE FLANS
Locatton of seisrmee events in Bolvia w plos or s 18 km, with contral of depth, needs close azmmauibal cover

of seisnic sfations, an appropriate carth model and observation of at least ene 3 phase. At prescent the three-
dimensional models ADGRINDLGC do ot melude agproprate 5 values and we need 1o comrect these, 5 s uslly
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ditficult to observe in Bolivia and we need 1o examine meshods of detecting it. Finally, we can look more at the

effect of period, depth and azimuth on amplitudes of phases observed at the IMS primary seismic station LPA Y
of the CTET.
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